Organometal halide perovskites (Pe's) have emerged as a promising class of materials for photovoltaic applications.^[@ref1]−[@ref5]^ Recently, we demonstrated the first organometal halide Pe light-emitting diodes (PeLEDs),^[@ref6]^ based on CH~3~NH~3~Pb(I~1--*x*~Br~*x*~)~3~, tunable in emission color from the near-infrared (*x* = 0) to green (*x* = 1). The material also exhibits efficient lasing under optical pumping.^[@ref7],[@ref8]^ These findings indicate that Pe-based devices, which can be solution-processed, are promising alternatives to organic light-emitting diodes (OLEDs), in addition to their application as a solar energy harvester.

The majority of investigations to date concern the bulk properties of the Pe, despite the fact that the formation of nanometer-sized structures was noted in the pioneering work by Kojima et al.^[@ref1]^ Recently, Schmidt et al. reported a synthetic chemistry route to produce 6 nm sized organometal Pe colloidal nanoparticles.^[@ref9]^ Engineered nanostructures, including nanocrystals of many representative inorganic semiconductors such as CdSe,^[@ref10],[@ref11]^ InP,^[@ref12],[@ref13]^ and Si,^[@ref14]−[@ref17]^ have shown interesting size-dependent optical and electronic properties that differ significantly from their bulk counterparts. So far, however, there is no literature available concerning the ability to tune the size of the Pe nanocrystals and their size-dependent properties.

In this Letter, we introduce a simple, low-temperature approach for the formation of self-assembled Pe nanocrystals in a solid organic matrix. As organometal halide Pe's crystallize rapidly even at room temperature, we expect that it is possible to form Pe nanocrystals in a solid matrix at temperatures below 100 °C. We demonstrate that the size and photoluminescence (PL) peak of the Pe nanocrystals produced at \<100 °C can be tuned by varying the concentration of Pe in the matrix material. Finally, we discuss the physical origin of the PL blue shift of the Pe nanocrystals that we observe compared to the bulk phase.

A CH~3~NH~3~PbBr~3~ Pe precursor solution (CH~3~NH~3~Br and PbBr~2~ dissolved in *N*,*N*-dimethylformamide (DMF)) and a 4,4-bis(*N*-carbazolyl)-1,1-biphenyl (CBP) matrix solution were prepared and mixed to achieve various weight ratios between the CBP and the Pe precursor (CBP/Pe = 1:1, 3:1, 4:1, 10:1 and 15:1). The mixtures were stirred at 70 °C for 2 h and were spun-cast onto precleaned quartz substrates in a N~2~ glovebox to obtain a film thickness of ∼50 nm. CBP (HOMO = −6.0 eV; LUMO = −2.9 eV) is a high-performance host material widely used in phosphorescent OLEDs.^[@ref18]^ The thin films were then annealed at 90 °C for 5 min to accelerate solvent evaporation and crystallization. The crystal structure of CH~3~NH~3~PbBr~3~ Pe, the molecular structure of CBP, and the general processing sequence for obtaining Pe nanocrystals in an organic matrix are outlined in Figure [1](#fig1){ref-type="fig"}. To observe whether Pe nanocrystal formation also occurs in other types of organic matrixes such as polymer materials, polystyrene (PS) was dissolved in DMF at a concentration of 20 mg/mL and mixed with the Pe precursor solution at a 10:1 ratio, followed by the same spin-cast and annealing processes, to obtain a PS/Pe nanocrystal thin film.

![Schematic diagrams of materials and processes. (a) Crystal structure of CH~3~NH~3~PbBr~3~. (b) Molecular structure of CBP. (c) Fabrication sequence of Pe nanocrystals in an organic matrix.](jz-2014-02615e_0002){#fig1}

To investigate the morphology and distribution of Pe nanocrystals formed in organic matrixes, we studied the films using scanning electron microscopy (SEM). Figure [2](#fig2){ref-type="fig"} shows plan-view SEM images of the CBP/Pe samples mixed at different weight ratios (1:1, 3:1, and 15:1). Images of samples with ratios of 4:1 and 10:1 are available in the [Supporting Information](#notes-1){ref-type="notes"}. The brighter regions in the micrographs correspond to CH~3~NH~3~PbBr~3~ Pe, while the darker regions correspond to the CBP matrix. The contrast between the two materials is due to the difference in their electron densities. When the weight concentration of Pe is 50% (CBP/Pe =1:1; Figure [2](#fig2){ref-type="fig"}a), the Pe material forms a connected network, decorated by isolated islands of CBP. The mean width of the Pe clusters is ∼280 nm. It appears that the Pe domains are formed by many much smaller nanocrystals. However, it is difficult to resolve the sizes of these small nanocrystals from the SEM images. It is highly likely that phase separation between the Pe nanocrystals and the organic matrix occurred at the same time as Pe crystallization. Also, it can be seen that as the concentration of Pe decreases, the Pe materials form isolated domains with smaller sizes. In the sample with the least amount of Pe material embedded within (CBP/Pe = 15:1; Figure [2](#fig2){ref-type="fig"}c), the average domain size is ∼50 nm. Similarly, we found that it is possible to form Pe nanocrystal domains in a polymer material such as PS ([Supporting Information](#notes-1){ref-type="notes"}). Figure S1c ([Supporting Information](#notes-1){ref-type="notes"}) shows the presence of Pe domains (∼180 nm) in a PS matrix at a PS/Pe weight ratio of 10:1. High-resolution SEM images of Pe nanocrystals within the PS matrix were more difficult to obtain due to the insulating nature of the PS matrix.

![SEM images of CH~3~NH~3~PbBr~3~ Pe domains in CBP matrixes with a variation in CBP/Pe weight ratios. The relatively bright regions in the micrographs correspond to domains of CH~3~NH~3~PbBr~3~ Pe, while the darker regions correspond to the CBP matrix. Scale bar: 200 nm. CBP/Pe = (a) 1:1, (b) 3:1, and (c) 15:1.](jz-2014-02615e_0003){#fig2}

In order to determine the average sizes of the Pe nanocrystals, the CBP/Pe thin films were examined using X-ray diffraction (XRD). The results are shown in Figure [3](#fig3){ref-type="fig"}a. Two distinct diffraction peaks were found at 14.95° and 30.15°, which correspond to (100) and (200) CH~3~NH~3~PbBr~3~ crystalline peaks (cubic structure with lattice parameter of 5.9 Å), respectively. These are in good agreement with the CH~3~NH~3~PbBr~3~ XRD peak positions reported by Kojima et al.^[@ref1]^ The intensities of the XRD peaks were mainly limited by the sample thickness (∼50 nm), which was constrained by the low solubility of the organic material in the solvent. Outside of the 2θ range shown in the plot, there were no peaks observable. The very broad peak centered at around 21.5° originates from the quartz substrate. (The reasons for using quartz substrates for XRD analysis were (i) the materials do not adhere very well onto crystalline substrates such as Si and (ii) it ensures the self-consistency of our experiments as the film formation and nanocrystal growth mechanisms may vary for different substrates. Quartz substrates were the most suitable choice as they were also used for the optical measurements discussed later.) As the concentration of Pe in the matrix decreased, a reduction of peak intensity accompanied by peak broadening was observed for the two Pe peaks, indicating a reduction in the size of the nanocrystallites. The average sizes of the Pe nanocrystals were estimated from the more prominent (100) peaks using the Scherrer equation.^[@ref19]^ The average nanocrystal sizes calculated from the XRD results are ∼76, ∼52, ∼24, ∼15, and ∼10 nm for samples with CBP/Pe weight ratios of 1:1, 3:1, 4:1, 10:1, and 15:1, respectively. Therefore, the actual grain sizes are considerably smaller than the sizes of the Pe domains observed in the SEM images, suggesting that each Pe domain contains many smaller nanocrystals.

![(a) XRD patterns of CBP/CH~3~NH~3~PbBr~3~ Pe thin films with various CBP/Pe weight ratios. (b) PL spectra of CBP/Pe samples. The PL spectrum of a bulk (pristine) Pe thin film is also shown (red curve). The peak of the emission shifts to a shorter wavelength as the concentration (and particle size) of Pe in the CBP matrix decreases. The optical excitation was provided by a 407 nm laser. (c) The energy of the PL emission peak as a function of the average Pe nanocrystal size (diamonds). The data can be fitted by *E*~PL~ = 2.39 + 12/*d*^2^ (eV) (dashed line), where *d* is the particle size in nm. (d) Absorbance data of CBP/Pe samples measured by PDS. Absorbance of a bulk (pristine) Pe thin film is also shown (red curve). The edge (shoulder) of the absorbance band shifts to higher energies as the concentration (and particle size) of Pe in the CBP matrix decreases. The crosses mark the positions of the PL peaks, which roughly coincide with the absorption edges.](jz-2014-02615e_0004){#fig3}

To examine whether the nanoscale dimension of the Pe material has an impact on its optical properties, we measured the PL spectra of the samples. The PL spectra of samples with Pe nanocrystals embedded in the CBP matrix are shown in Figure [3](#fig3){ref-type="fig"}b. The PL peak position exhibits a monotonic shift toward shorter wavelength as the Pe concentration in the CBP matrix becomes smaller and the average size of the Pe nanocrystals decreases (as evidenced in the XRD measurements). Our results suggest that it is possible to produce size- and color-tunable Pe nanocrystals in an organic matrix by simple solution processing and low-temperature annealing. The PL data of a sample with PS matrix are available as Figure S2 in the [Supporting Information](#notes-1){ref-type="notes"}, showing a blue-shifted PL peak in comparison to the pristine Pe sample. This shows that the blue shift of the PL emission is not specific to the samples with a CBP matrix. Therefore, it is unlikely that the blue shift is caused by a chemical reaction between the Pe and the organic matrix.

In classical semiconductor nanocrystals such as CdSe, the shift in PL emission is usually explained by the quantum confinement effect,^[@ref20]^ which uses the "particle in a box" analogy to describe the increase in the band gap of nanometer-scale structures. The band gap of a quantum-confined structure can be expressed by the equation^[@ref20]^where *E*~g~ is the effective band gap of the confined system, *E*~g,bulk~ is the band gap of the bulk material, and Δ*E*~confinement~ is the band gap increase due to quantum confinement, which for a cubic box takes the form of 3ℏ^2^π/2*m*\**d*^2^, where ℏ is the reduced Planck constant, *m*\* is the effective mass of carriers (reduced mass for electrons and holes), and *d* is the size of the nanocrystals. As shown in Figure [3](#fig3){ref-type="fig"}c, we found that the optical band gap, as determined from the PL spectra, can be fitted by *E*~PL~ = 2.39 + 12/*d*^2^ eV, where *d* is the particle size in nm. This suggests that the PL blue shift is a manifestation of quantum confinement of excitons in the Pe nanocrystals. From the fitted equation, we extract an effective carrier mass of ∼0.08 *m*~0~, where *m*~0~ is the mass of a free electron. This value is in agreement with the theoretical reduced mass values reported by Umari et al.^[@ref21]^ The small effective mass is responsible for the quantum confinement effect observed at relatively large grain sizes (*d* \> 10 nm), in comparison with II--VI nanocrystals.

To further confirm that the Pe nanocrystal materials prepared in this work have band gap energies higher than the bulk phase, we measured their absorbance spectra by photothermal deflection spectroscopy (PDS)^[@ref22]^ (Figure [3](#fig3){ref-type="fig"}d), a method that can measure accurate absorption data without the influences of optical scattering and interference in thin-film samples. As the concentration of Pe in the organic matrix decreases, a shift of the absorption edge (the shoulder of each absorbance curve) toward higher energies was observed, indicating a positive change in the material's band gap. We found that the PL emission peak of each sample occurs approximately at the same position as its absorption edge. Therefore, the PDS results are in good agreement with the observed blue shift of the PL. This strengthens our view that size-dependent optical band gaps have been achieved in these samples.

In summary, we have demonstrated a simple and low-temperature route to producing self-assembled organometal halide Pe nanocrystals embedded in an organic matrix. We showed that by varying the concentration of the Pe in the matrix, it is possible to control the average size of the Pe nanocrsytals and thereby fine-tune the absorption and emission of the material. Although we demonstrated the concept by focusing on CH~3~NH~3~PbBr~3~ nanocrystals in a CBP matrix, our method can be extended to the formation of organometal halide Pe nanocrystals in a wide range of solution-processable materials, including small molecules and polymers that can be dissolved in a common solvent with the Pe material. Our findings could open doors to novel optoelectronic applications that take advantage of the tunability and processing simplicity of the self-assembled Pe nanocrystals. Besides, as the first study of Pe--organic blends, this work may trigger interest in the realization of Pe--organic bulk heterojunction photovoltaics or LEDs. Future work will be centered around the following three aspects: (1) improving the size and distribution uniformity of the organometal halide Pe nanocrystals to achieve narrower emission profiles; (2) further extending the range of the emission spectrum shift and to observe stronger confinement effects by producing smaller Pe nanocrystals; (3) optimizing the processing conditions (e.g., by using alternative matrix materials, processing temperatures, solvents, etc.) toward the fabrication of wavelength-tunable LEDs based on size-tunable, self-assembled Pe nanocrystals.

Experimental Methods {#sec2}
====================

*Preparation of CH~3~NH~3~PbBr~3~ Pe Precursor Solution.* CH~3~NH~3~PbBr~3~ Pe precursor solution was prepared by mixing CH~3~NH~3~Br and PbBr~2~ at a molar ratio of 3:1 in anhydrous DMF (Sigma-Aldrich) to give a weight concentration of 20%. The solution was further diluted in DMF to give a concentration of 10 mg/mL. The solution was stirred for 24 h before further processing.

*Preparation of the Solutions of the Organic Matrix Materials.* CBP (Sigma-Aldrich) was dissolved in DMF to a concentration of 10 mg/mL. PS (Sigma-Aldrich) was dissolved in DMF to a concentration of 20 mg/mL. The solutions were stirred for 24 h at 70 °C before further processing.

*XRD Experiment.* The crystallinity of the films was characterized by powder XRD with the help of a Bruker D8 diffractometer with Cu Kα radiation (λ = 1.5418 Å). θ--2θ scans were obtained in the locked coupled mode, sweeping 2θ from 13 to 35° with a 0.02° step size.

*SEM.* The morphology of the films was examined using a LEO VP1530 field emission SEM.

*PL Measurement.* The samples were excited by a pulsed laser with 407 nm emission. The Si detector used for capturing the PL spectra was maintained at a temperature of −70 °C.

*PDS.* Details of the PDS measurement can be found elsewhere.^[@ref22]^

Additional SEM images of CH~3~NH~3~PbBr~3~ perovskite domains in organic molecule and polymer matrixes. PL data of a sample with a PS matrix. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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